Metabolic dysfunction has reemerged as an essential hallmark of tumorigenesis, and metabolic phenotypes are increasingly being integrated into pre-clinical models of disease. The complexity of these metabolic networks requires systems-level interrogation, and metabolic flux analysis (MFA) with stable isotope tracing present a suitable conceptual framework for such systems. Here we review efforts to elucidate mechanisms through which metabolism influences tumor growth and survival, with an emphasis on applications using stable isotope tracing and MFA. Through these approaches researchers can now quantify pathway fluxes in various in vitro and in vivo contexts to provide mechanistic insights at molecular and physiological scales respectively. Knowledge and discoveries in cancer models are paving the way toward applications in other biological contexts and disease models. In turn, MFA approaches will increasingly help to uncover new therapeutic opportunities that enhance human health.
1. Introduction
Renewed interest in metabolism
A largely forgotten vestige of biochemistry coursework, metabolism is once again being appreciated as a driver of human disease rather than a downstream effect of some genetic or transcriptional changes. Since the advent of the genomics revolution, biomedical research has largely focused on the roles of DNA and RNA dysregulation in disease. This information has led to an international, multidisciplinary effort to catalog, sequence, and interpret large amounts of genomics data from various sources (Cancer Genome Atlas Research et al., 2013) . While these efforts have generated large amounts of publically-available, highly-curated data and new insights into a range of diseases, the next steps often require researchers to look beyond the mutational or allelic status of disease-associated genes and gain a more mechanistic understanding of these changes. As such, higher level activities of the cell are now coming into focus as drivers of pathological phenotype -e.g. transcriptional and translational regulation, epigenetic states, and systems-level metabolic activities.
Indeed, recent work in cancer, metabolic syndrome, and regenerative medicine has highlighted situations where metabolic alterations precede other canonical modes of biological control (e.g. transcriptional activation), demonstrating its importance in biomedicine. Metabolism, or the biochemical reactions executed by cells, is essential for the maintenance of cellular function and the response to extrinsic and intrinsic cues. To control such a complex network, mammalian metabolism has evolved a regulatory framework and interconnectivity that ensures robust functionality. Advanced methods are required (and are now becoming available) to decipher the regulation of these processes and their dysfunction in disease settings .
In this review, we will establish the critical need for studying metabolism at a systems-level, introduce methodological advances that have enabled interrogation of mammalian metabolism, and highlight recent work that has utilized stable isotope tracing and MFA to better https://doi.org/10.1016/j.ymben.2017.11.013 Received 5 June 2017; Received in revised form 11 October 2017; Accepted 29 November 2017 understand human disease.
Thermodynamics and topology of metabolism
Metabolic reactions can largely be broken down into three main components or functions -bioenergetics, biosynthesis, and redox balance -with each component having a unique network behavior requiring systems-level interrogation.
The thermodynamic reality of a cell is the constant need to generate energy that can be coupled to unfavorable reactions with a positive Gibbs free energy Lunt and Vander Heiden, 2011; Park et al., 2016) . In practice, nutrients are imported into cells then catabolized to regenerate adenosine triphosphate (ATP), the metabolic currency of cells. Due to the high energy stored in its phosphoanhydride bonds, ATP hydrolysis is required to drive thermodynamically unfavorable reactions and allow them to proceed at sufficient rates. The use of ATP regeneration and hydrolysis in disparate metabolic pathways is a prime example of how metabolic interconnectivity facilitates life and highlights the importance of the first law of thermodynamics in understanding metabolic function (Beard et al., 2002; Beard and Qian, 2005; Nagrath et al., 2007) .
This connection results in two axioms of bioenergetics: (1) If a cell is consuming large amounts of ATP, a concomitant production of ATP molecules is needed. A cell can turnover its ATP pool over six times per minute (Jacobus, 1985) , and ATP levels are "nearly universally homeostatic" (Hochachka and McClelland, 1997) . Therefore, the proper biological unit of measure is the ATP regeneration rate (flux) rather than a metabolite level or ratio (i.e. nucleotide pool ratios). (2) Cells have evolved enough production capacity and storage (e.g. glycolysis, oxidative phosphorylation, creatine kinase, adenylate cyclase) to meet this demand in the face of various insults (e.g. substrate deprivation, hypoxia). This results in a topological reality where many pathways are connected by ATP, resulting in highly interdependent nodes within the metabolic network. More complex cells like eukaryotes have evolved further to compartmentalize reactions to facilitate (and complicate) pathway function further.
In addition to maintenance of energetic homeostasis, an important role of metabolism is to provide biosynthetic precursors. Highly proliferative cells -such as immune cells, tumor cells, and transit-amplifying stem cells -require a doubling of cellular biomass each time they divide. In addition, all somatic cells have established rates of lipid and protein turnover/nucleotide synthesis that require constant production of biosynthetic intermediates . While unique mammalian auxotrophies exist that contribute to large portions of cellular biomass (i.e. essential amino acids for protein biosynthesis), cells can choose to either synthesize or uptake macronutrients for the remaining portion of needed biomass. While the "cheapest" route for a cell would be to uptake all macromolecules, network topology might dictate the need for flux through a pathway to provide substrates for a different pathway. This interdependency results in a coupling of catabolic and anabolic reactions.
Biological (and electrical) energy flow is coordinated by the movement of electrons, and these transfers are mediated by oxidoreductases and reducing equivalents (e.g. nicotinamide adenine dinucleotide (NAD+), nicotinamide adenine dinucleotide phosphate (NADP +), and flavin adenine dinucleotide (FAD)). At a high level, cells extract electrons from reduced substrates (e.g. carbohydrates, fatty acids) and secrete oxidized byproducts (e.g. lactate, CO 2 ). Therefore, flux through oxidative pathways consumes electron carriers and produces reducing equivalents. Cells in turn must consume electrons and regenerate electron carriers to maintain proper redox balance. For example, to maintain glycolytic rates and/or tricarboxylic acid (TCA) cycle flux, cells must constantly consume electrons via lactate dehydrogenase (LDH) or respiration to regenerate NAD+ and FAD. This point highlights one potential reason why rapidly proliferating cells exhibit high glycolytic rates (i.e. the Warburg effect). For example, diversion of glycolytic intermediates for serine biosynthesis can cause redox fluctuations or imbalances such that NAD+ is not regenerated at sufficient rates by LDH to maintain glycolytic flux. Alternate NAD+ recycling pathways such as the malate-aspartate shuttle and glycerolphosphate shunt are active in proliferating cells but may be similarly blunted as aspartate and glycerol-3-phosphate are used for biosynthesis. By maintaining high flux through glycolysis such redox fluctuations are minimized. Redox balance in cells also extends to environmental stresses through the consumption of reducing equivalents to regenerate antioxidants (i.e. the cycling of reduced (GSH) and oxidized (GSSG) glutathione). This redox control in cells demonstrates how cells have evolved metabolic interconnections to maintain homeostasis.
Methods of quantifying fluxes

Need of metabolic tracing
The interconnectivity, redundancies, and cross-dependencies that exist within metabolic pathways manifest themselves in classic emergent network behavior, where changes in one node can result in farreaching and unforeseen states. For example, altering one pathway by modulating substrate availability or through molecular and pharmacological interventions can lead to system-wide changes in metabolic pathway fluxes as cells attempt to maintain homeostasis (Hackett et al., 2016) . Historically, technological limitations forced scientists to interrogate metabolism at the resolution of individual enzymes. While this approach led to the elucidation of fundamental metabolic pathways, like the TCA cycle, a critical need for systems-level analyses has now emerged.
With technological advances such as gas chromatography-coupled mass spectrometry (GC/MS), liquid chromatography-coupled mass spectrometry (LC/MS), and nuclear magnetic resonance spectroscopy (NMR), researchers now have the ability to rapidly and simultaneously quantify large numbers of metabolites in a given biological setting (Fiehn et al., 2000) . These developments have been essential in driving both the rapid growth in new information about metabolic control/ function and the metabolic basis of human disease Mitsuishi et al., 2012; Park et al., 2017) . In addition to the inherent complexities of studying any network, mammalian metabolism has unique features and must be studied at multiple length scales ( Fig. 1) For example, many metabolic pathways have many redundant, compartment-specific forms that can be regulated independently (e.g. TCA cycle enzymes in the mitochondria, cytosol, and/or peroxisome), or cells can reside in local cellular communities that interact to elicit a broader function (e.g. beta cells within islets or stromal-epithelial interactions). On the other hand, diseases manifest themselves throughout the body, where dysregulated insulin secretion by the pancreas in diabetes affects distal muscle microvascular, liver, adipose tissue, and neurological functions.
With these realities of network and length-scale complexity, recent work has focused on the use of systems biology to parse through and integrate all available "omics" data -genomics, transcriptomics, and metabolomics. However, sequencing data is better used for identification of novel mutations in metabolic disease (Cancer Genome Atlas Research et al., 2013; Lewis et al., 2010) and pathway activation (Lackey et al., 2013) , as germline mutations and transcript level changes do not always directly map to changes in a specific metabolic pathway. Additionally, metabolomics studies have been successfully used to identify metabolic shifts and implicate potentially altered metabolic pathways . However, rapid metabolomics platforms serve as a hypothesis generating methodology because one cannot necessarily infer metabolic flux alterations a priori through metabolite level changes. Since the primary driver of metabolic phenotypes is alteration of flux, stable isotope tracing and metabolic flux analysis (MFA) have emerged as critically important tools for interrogating metabolism (Hellerstein, 2004) .
Stable isotope tracing
Modeling approaches have been applied to metabolic systems for some time and center around the need to conserve mass in the context of network stoichiometry and cellular needs (Stephanopoulos, 1999) . These systems are often highly underdetermined, and fluxes are resolved to varying extents by the application of constraints, which may include uptake/secretion from media, transcriptomics or proteomics data, and/or isotopic labeling (Sauer, 2004) . The most detailed information is often provided by the use of stable isotope tracing and metabolomics, whereby a given atom of interest is "tracked" throughout the metabolic network by culturing cells with a tracer (e.g. [1-
13 C]glutamine where 13 C isotope is in the 1 position of the glutamine molecule). Analogous to a dye mixing through a continuously-stirred tank reactor, stable isotopes (e.g. 13 C, 2 H, and 15 N) within a given substrate are fed to cells, tissues, or animals which then consume the "heavy" metabolite of interest and metabolize it in various downstream reactions (Fig. 2) . By then measuring the presence of an isotopologue-a metabolite with a different molecular weight due to the presence of the stable isotope-the fraction of an individual molecule coming from a tracer can be quantified using knowledge of atom transitions throughout the metabolic network (Fig. 2) .
As an example, when cells metabolize [U-13 C 6 ]glucose the fully-labeled pyruvate generated from glycolysis may be oxidized and/or carboxylated in mitochondria (Fig. 3 ). When the cell oxidizes pyruvate, the 13 C carbon in the first position of pyruvate will be lost during the decarboxylation step of pyruvate dehydrogenase (PDH), yielding an M +2 labeled AcCoA. When pyruvate is metabolized by pyruvate carboxylase (PC) all three 13 C atoms will be present on the resulting M+3 oxaloacetate. These metabolites condense to form citrate, resulting in a pool of labeled species with mass increments from 0 to 6, depending on the relative contribution of PC, PDH, and other pathways that produce or consume AcCoA, oxaloacetate, and citrate (Fig. 3) . This isotopologue or mass isotopomer distribution (MID) subsequently allows for inference of flux through certain metabolic reactions (Fig. 2) . In this simplified metabolite network, the ratio of the M+2 portion of the citrate pool vs the M+3 portion is a proxy of how many pyruvate molecules were catalyzed by PDH vs PC. However, data generated in real metabolic networks is more complex than that presented here due to TCA cycling and additional inputs into the citrate pool. Since many input and output fluxes influence labeling in well-connected metabolite pools, computational tools are often necessary to resolve information on fluxes for such systems (Buescher et al., 2015) .
MIDs therefore contain detailed information on relative fluxes, and these data are incorporated into models that estimate fluxes and associated confidence intervals within a given biological system (Sauer, 2006) . The choice of tracer(s) will impact the specific pathways and fluxes to be resolved and should be considered carefully (Crown et al., 2012; Metallo et al., 2009) . Ultimately, MFA integrates extracellular flux measurements (e.g. glucose uptake and lactate secretion), biomass composition, growth rates, and intracellular steady state labeling data to estimate intracellular fluxes (Stephanopoulos et al., 1998; Wiechert, 2001) . By constraining potential flux measurements with physiological biomass demands and metabolite fluxes in and out of the system, MFA solves the inverse problem -where intracellular fluxes are estimated, theoretical labeling patterns calculated, error between theoretical and experimental data calculated, and estimated fluxes iterated through error minimization until a best fit is achieved (Zamboni, 2011) . Long applied to study microbial and prokaryote metabolic networks (Sauer, 2006) , advances in computational frameworks (Antoniewicz et al., 2006 (Antoniewicz et al., , 2007 and software packages (Quek et al., 2009; Weitzel et al., 2013; Young, 2014; Young et al., 2008; Zamboni et al., 2005) have made mammalian applications far more tractable. Exchange fluxes (i.e. the minimum of the forward and reverse flux for a given reaction) can be the most difficult to resolve (Wiechert, 2007) . Compartmentation also complicates analyses and interpretation of labeling data (Zamboni, 2011) and indeed MFA can help to resolve such information in certain settings (Jiang et al., 2016a (Jiang et al., , 2016b Vacanti et al., 2014) . Most MFA applications rely on the resolution of fluxes in a scaled-down, userdefined subset of the metabolic network, such as glycolysis, the oxPPP, and the TCA cycle (Sauer, 2006) . Researchers have begun to apply genome-wide metabolic reaction networks in MFA studies of microbes more recently (Gopalakrishnan and Maranas, 2015; McCloskey et al., 2016) .
Better resolution of intracellular fluxes can be achieved by incorporating dynamic labeling and pool size information into non- stationary MFA (NS-MFA) models. Steady-state labeling provides a relative measure of fluxes into and out of metabolic pools but requires the system to be at both metabolic and isotopic steady-state (Noh et al., 2007) . Such data are often not very informative for the analysis of linear pathways (e.g. glycolysis) or exchange fluxes. NS-MFA provides an alternative computational framework for integration of labeling data, extracellular fluxes, and biomass demands (Jazmin and Young, 2013) . Unlike traditional MFA which relies on algebraic solutions, the transient labeling data and pool size data are incorporated into an ODEbased model (Young et al., 2011) . While increased precision is achieved by incorporation of more experimental data, more care is needed on experimental design (e.g. sampling and quenching) and more data acquisition/analysis is required (Jazmin and Young, 2013; Noh and Wiechert, 2006) . This review will focus almost exclusively on steady- state MFA and basic tracing applications; however, use of NS-MFA has been reviewed extensively , and numerous protocols are available (Jazmin and Young, 2013; Nanchen et al., 2007; Yuan et al., 2008) . This approach is increasingly being applied to mammalian systems Maier et al., 2009; Munger et al., 2008) . When applied in a coordinated fashion, stable isotope tracing, metabolomics, and computational modeling can effectively resolve metabolic flux alterations in the context of both microenvironmental cues and pathophysiological alterations. In short, stable isotopes can inform on aspects of metabolism that cannot be learned through other measurements. The remainder of this review will focus on recent examples in biomedicine of how stable isotope tracing and MFA have been used to understand the metabolic mechanisms driving human disease and associated pathologies. A primary (and still emerging) area of focus is applications to cancer biology, though additional examples will be included to highlight the versatility of these approaches.
Cancer
Renewed appreciation of metabolic dysregulation in cancer
A desire to resolve the metabolic differences between normal tissue, tumors, and metastatic cells has re-invigorated interest in metabolic tracing and flux analysis over the last decade. Metabolism is tightly linked to the pathophysiology of a cancer cell, an observation first described by Otto Warburg in the early 20th century. He noted that rat tumors were susceptible to glucose deprivation (rather than oxygen deprivation) and exhibited higher than normal "fermentation" (glycolysis) to meet their ATP demands (Warburg et al., 1927) . He later extended these observations to postulate mitochondrial dysfunction as the cause of neoplasia, since mitochondrial "poisons" are carcinogenic and cancer cells increased fermentation in response to irreversible low respiration rates (Warburg, 1956) . Although at that time others (correctly) questioned whether mitochondrial dysfunction was a driver of neoplasia, in part due to radioactive isotope tracing indicating that mitochondria respiration was still active in cancer cells (Weinhouse, 1956) , the phenomenon that cancer cells are highly glycolytic was widely accepted (Burk and Schade, 1956 ). Over time, however, the idea of metabolism as a driver of tumorigenesis largely fell to way side.
Cancer has now been reappreciated as a disease of metabolism (Hanahan and Weinberg, 2011; Pavlova and Thompson, 2016) . Recent work has succeeded in reinvigorating the study of metabolism as a means to both detect and study cancer growth (Boroughs and DeBerardinis, 2015; Vander Heiden and DeBerardinis, 2017) . For example, since the late 1990s, accumulation of 2-deoxy-2-[
18 F]fluoro-Dglucose (FDG) and subsequent imaging through positron emission tomography (PET) has been an FDA-approved method (FDG-PET) for the noninvasive detection of tumors (Farwell et al., 2014) . Related approaches now aim to study consumption of other nutrients or specific metabolic rates using novel tracer compounds or hyperpolarized NMR (Chaumeil et al., 2014; Choi et al., 2012; Rodrigues et al., 2014; Venneti et al., 2015) In addition to these diagnostic approaches, significant effort is now being applied to elucidate how metabolic pathways contribute to cancer initiation and progression (Weinberg and Chandel, 2009) . Beyond the metabolic reprogramming required for proliferation, the discovery of mutations in genes encoding metabolic enzymes that directly impact tumorigenesis has been an important catalyst driving this resurgence in metabolic research (DeBerardinis et al., 2008; Gasparre et al., 2007) . For example, the first widely characterized metabolic mutations were the loss of succinate dehydrogenase (SDH) and fumarate hydratase (FH), which are associated with development of paragangliomas and leiomyosarcomas, respectively (King et al., 2006) . These loss-of-function mutations lead to increases in succinate or fumarate levels within tumors, which are thought to inhibit aKGdependent dioxygenases that impact HIF1α stabilization and other biological processes (MacKenzie et al., 2007; Selak et al., 2005; Xiao et al., 2012) . Metabolic modeling was used to understand how a FH-null cancer cell could operate without a functional TCA cycle, elucidating a critical dependency on heme biosynthesis (Frezza et al., 2011) . More generally, these findings highlighted critical links between metabolism and tumor formation while offering potential new avenues for therapeutic intervention.
Another critical demonstration of metabolic alterations in cancer is the discovery of mutant isocitrate dehydrogenase (mtIDH) tumors. First identified via exome sequencing of gliomas (Balss et al., 2008; Yan et al., 2009) , both IDH1 and IDH2 are now known to be mutated somewhat frequently in acute myeloid leukemia, low-grade gliomas, and chondrosarcomas (Dang et al., 2016) . These mutations are characterized by a gain-of-function, where D-2-hydroxyglutarate (2HG) is produced at millimolar concentrations intracellularly . Mutant IDH1 and IDH2 reduce aKG to 2HG by consuming an NADPH reducing equivalent, either in the cytosol or mitochondria (Dang et al., 2009 ). Similar to SDH and FH-null tumors, 2HG can disrupt aKG-dependent dioxygenase activity, in particular those regulating DNA and histone demethylation, and tumors often present with hypermethylation phenotype (Figueroa et al., 2010; Lu et al., 2012; Ma et al., 2015; Turcan et al., 2012; Xu et al., 2011) . This mutation connects a fundamental node in the metabolic network with deep biological perturbations that are associated with tumor progression. Due to the highly compartment-specific and cofactor-dependent nature of this class of mutations, metabolic tracing is uniquely situated to understand the underlying metabolic features in these tumors (Izquierdo-Garcia et al., 2015) . However, cells harboring such mutations exhibit only minor metabolic changes under normal physiological conditions, but under hypoxic or pharmacological redox stresses that impact mitochondrial function more tractable changes have emerged Grassian et al., 2014; Tateishi et al., 2015) .
While these examples demonstrate how mutations in TCA cycle enzymes directly contribute to tumorigenesis, cancers in general hijack different metabolic pathways to fuel their proliferative needs (Fig. 4) . These pathways vary with environment, tissue of origin, and the genetic landscape of that cell. Therefore, a critical need exists to extend these MFA methods to understand how diverse cancers alter their metabolism to survive and what metabolic features can be therapeutically targeted.
Glutamine metabolism
Glutamine, the most abundant amino acid in plasma and culture media, is consumed by cancer cells in vitro at rates greater than any other amino acid. As such, glucose and glutamine are the most highly consumed carbon substrates in tumor cell cultures. Despite this fact, Hosios et al. recently applied 13 C and 14 C tracers to observe that glucose and glutamine only make up 25% of a cancer cell's total dry weight and only around 50% of its carbon . The remaining carbon was found to come generally from amino acid uptake (both essential and non-essential amino acids), highlighting the large protein component of mammalian cells and contrasting lower organisms that can derive their biomass carbon entirely from glucose . These data showcase the utility of flux-based studies that trace the fate of carbon atoms within cells, as more traditional "black box" approach (i.e. only looking at metabolite secretions and uptakes) would have suggested a smaller role for amino acid carbon. These results also demonstrate the importance of protein synthesis for cancer cell growth, which requires both carbon and nitrogen. Indeed, glutamine is first and foremost a nitrogen donor (and/or carrier) within mammals. It is a precursor to glutamate, proline, and other amino acids; in addition, it is also an obligate nitrogen donor for asparagine, nucleotides, and hexosamines. Several studies have highlighted the importance of glutamine availability in driving these processes (DeBerardinis et al., 2007; Wellen et al., 2010; . In fact, hexosamine biosynthetic fluxes in cultured cells are similar those measured for nucleotide (i.e., ribose) synthesis in proliferating stem cells (Badur et al., 2015) . Glutathione is an antioxidant present at high concentrations within cells, and recent studies have highlighted the role of glutaminase and the xCT transporter in coordinating glutamine uptake, glutamate secretion, and cystine consumption from culture medium in cancer cells (Muir et al., 2017; Shin et al., 2017) . Indeed, the high rates of glutaminolysis that occur in cultured tumor cells is at least partially attributable to the need for cystine uptake.
In the absence of glutamine, cancer cells can become on dependent on non-essential amino acid or protein uptake from stroma or the microenvironment, respectively. Tracer-based studies have described the importance of macropinocytosis and autophagy in allowing tumors to acquire proteinogenic amino acids under such nutrient-limiting conditions (Commisso et al., 2013; Davidson et al., 2017; Kamphorst et al., 2015) . Alternatively, pancreatic tumor stroma use autophagy to provide alanine for cancer cell growth . Yang et al. performed MFA modeling to delineate the role of cancer-associated fibroblasts (CAFs) in providing glutamine to ovarian cancer cells (Yang et al., 2016) . Although it remains challenging to deconvolute labeling results and decipher cell-specific fluxes (Gebreselassie and Antoniewicz, 2015) , analysis of systems containing multiple cell types will continue to grow in importance as we gain a better understanding of tumor heterogeneity and immune cell interactions.
Some tumor cells rewire their mitochondria such that alternate substrates are used to fuel TCA metabolism. For example, the mitochondrial pyruvate carrier (MPC) is often expressed at lower levels in colorectal cancer and over-expression of MPC mitigates cell growth under anchorage-independence or as xenografts (Schell et al., 2014) . Notably, respiration is unchanged upon inhibition or knockdown of MPC (Divakaruni et al., 2013) , suggesting mitochondria remain functional and active. MFA studies on cells with reduced MPC activity or expression have highlighted how cells compensate when pyruvate flux into mitochondria is compromised (Vacanti et al., 2014; Yang et al., 2014) . Under these conditions, glutaminolysis is significantly increased to maintain anaplerotic flux and biosynthesis of amino acids (e.g. aspartate), nucleotides, and fatty acids. β-oxidation of fatty acids was increased nearly 10-fold in Mpc2 knockdown cells, and additional evidence indicated that BCAA catabolism was elevated upon MPC inhibition (Vacanti et al., 2014) . These studies highlight how mitochondria adapt to MPC inhibition. While this rewiring may benefit tumor growth, therapeutic benefits in diseases such as metabolic syndrome and neurodegeneration may also emerge (Divakaruni et al., 2017; Ghosh et al., 2016; Gray et al., 2015; McCommis et al., 2015) .
Oxidative stress also causes rewiring of glutamine metabolism within mitochondria. Indeed, in response to hypoxic insult pyruvate oxidation is decreased (Eales et al., 2016) and cells rely on glutamine to support proliferation (Weinberg et al., 2010) . Glutaminolytic flux is increased to support oxidative TCA metabolism (Fan et al., 2013; Grassian et al., 2014; Le et al., 2012) Fig. 4 . Metabolic pathways dysregulated in the context of disease. Glycolysis and the pentose phosphate pathway are fueled by glucose and generate biosynthetic intermediates, reducing equivalents, and ATP. Mitochondria are fueled by pyruvate, amino acids, and lipids, performing both anabolic and catabolic metabolism to generate energy. Serine, glycine, and folatemediated one carbon metabolism are active in both cytosol and mitochondrial compartments. These pathways are connected orthogonally via cofactors and other disease-or tissue-specific pathways; as such, pathways beyond central carbon metabolism must be investigated in specific biological contexts. Yoo et al., 2008) , offering cells another pathway to generate AcCoA and reducing equivalents. Detailed tracer studies and MFA have more recently been applied to better understand how this pathway is controlled. Indeed, hypoxia reprograms TCA metabolism such that reductive carboxylation is the major route through which cells produce citrate and lipogenic AcCoA (Metallo et al., 2012; Wise et al., 2011) . Similar changes occur in "pseudohypoxic" renal carcinoma cells (RCC) that are deficient in the Von Hippel-Lindau tumor suppressor (Metallo et al., 2012; Wise et al., 2011) ; tumors where this pathway may be therapeutically relevant. Indeed, evidence from in vivo tumor models and patient samples suggest this mode of TCA metabolism is active in VHL-deficient RCC downstream of HIFs (Gameiro et al., 2013b; Hakimi et al., 2016) . This pathway also seems critical for aspartate production upstream of the pyrimidine synthesis pathway (Okazaki et al., 2017) .
At the same time, mitochondrial redox stress caused by mutations in mitochondrial Complex I or III induce cells to activate the reductive carboxylation pathway, with similar changes occurring using pharmacological inhibitors of the electron transport chain (ETC) (Mullen et al., 2012) . Roles for the mitochondrial nicotinamide nucleotide transhydrogenase (NNT) enzyme in driving this metabolic state have also been established (Gameiro et al., 2013a; Mullen et al., 2014) . These findings have all suggesting that the cellular redox state and pyridine nucleotides influence reductive carboxylation activity. Indeed, modulation of NAD+/NADH ratio and citrate abundance are critical drivers of reductive carboxylation flux (Fendt et al., 2013) . As such, activity in this pathway seems to be driven by redox stress caused by many different physiological conditions, including hypoxia, mitochondrial inhibitors, and lipid deficiency.
Redox metabolism
Reducing equivalents in the cell are transported between reactions using pyridine nucleotides, NAD+ and NADP+. These cofactors are essential for the various oxidoreductase reactions required for proper biosynthesis and redox control, with NADPH selectively required for cellular anabolism (i.e. fatty acid and proline synthesis) and antioxidant response (i.e. regeneration of GSH) (Lunt and Vander Heiden, 2011) . A major contributor to cytosolic NADPH production is the oxPPP (Stincone et al., 2014) , extensively studied with a variety of 13 C glucose tracers (Lee et al., 1998; Metallo et al., 2009 ). However, these tracers cannot establish cofactor specificity and do not directly measure reducing equivalent pool.
Instead, because the transfer of electrons occurs through the transfer of a hydride anion, use of 3 H (tritium) (Katz et al., 1965; Rendina et al., 1984) and 2 H (deuteurium) (Ben-Yoseph et al., 1994; Ruhl et al., 2012) glucose tracers provides deep insight into cellular electron pools. Through the use of [1-
H] and [3-
2 H]glucose tracers, labeling of cytosolic NADPH was achieved through oxPPP enzymes, G6PD and PGD respectively Lewis et al., 2014) . Total cellular NADPH production flux was estimated to be~10 nmol μL −1 h− 1 (5-20% of glucose uptake rate) by estimation of oxPPP contribution to NADPH and measurement oxPPP flux . Concomitant analysis of NADPH consumption (i.e. fatty acid, DNA, and proline synthesis) revealed that biosynthetic demands of NADPH was only 80% of production with the rest presumably used in redox defense . Hydride transfer from NADPH to lipids can also be used as an indirect measure of cytosolic NADPH labeling, such that ISA-based modeling allows estimation of tracer contributions to this metabolic pool (Lewis et al., 2014) . The importance of the oxidative pentose phosphate pathway in pluripotent stem cells (greater than many cancer cells) and malic enzyme in adipocytes have been elucidated using this approach. Reducing equivalents cannot be directly transported across intracellular membranes (e.g. mitochondria) and these reactions are highly compartmentalized (Stincone et al., 2014) . Instead, the cell relies on futile metabolic cycles to transport reducing equivalents into organelles (e.g. malate-aspartate shuttle) and maintain proper, compartmental redox homeostasis (LaNoue and Schoolwerth, 1979) . Use of [4-2 H]glucose was able to label both cytosolic and mitochondrial NADH pools, through GAPDH and malate-aspartate shuttle respectively (Lewis et al., 2014) . To better elucidate compartment-specific redox metabolism, an endogenous redox reporter system was developed through lowlevel, ecotopic expression of mtIDH in cytosol or mitochondria (Lewis et al., 2014) . Examination of labeling on 2HG found that the oxPPP contributed significantly to cytosolic NADPH but the mitochondrial NADPH pool was mostly labeled by hydride anions from NADH (Lewis et al., 2014) . Taken together, these results highlight the powerful application of positional deuterium labels as donors for compartmentspecific electron pools.
Somatic cells have evolved their metabolism to reside within distinct niches. Normal cells reside in close contact with the extracellular matrix (ECM). For a cancerous cell to metastasize to a distant site, the cell must depart its ECM-rich niche and survive in atypical microenvironments. Cancer cells undergoing metastasis must therefore reprogram metabolic pathways to overcome such stresses. Previous studies have shown that ECM-detachment induces increased levels of cellular reactive oxygen species (ROS) and can lead to anoikis in nontransformed cells (Schafer et al., 2009 ). Activation of the PI(3)K pathway in this context led to higher glucose consumption and increased cell survival after ECM detachment, due to increased oxPPP flux and which maintains β-oxidation and ATP levels Schafer et al., 2009 ). More recently, Piskounova et al. observed that metastatic cells increased expression of enzymes in one carbon metabolism (discussed below) and more specifically the mitochondrial NADPH producing enzyme, ALDH1L2 (Piskounova et al., 2015) . These enzymes increase survival of ECM-detached cancer cells and enhance metastatic potential of tumor cells in vivo (Piskounova et al., 2015) .
Stable isotope tracing has recently been used to elucidate the specific directionality of how some cellular metabolic pathways are perturbed to enable NADPH production under anchorage independent stress. Using both 13 C glucose and glutamine tracers, cells grown in anchorage-independent conditions were found to oxidize less glucose and exhibited increased reductive carboxylation activity (Jiang et al., 2016b) . However, unlike previous studies of reductive carboxylation, these effects were not due to any HIF-mediated changes to the cell, did not change the contribution of glutamine carbon to fatty acid synthesis, and could be reversed by simply re-attaching the cells to ECM (Jiang et al., 2016b) . Instead, reductive carboxylation flux coordinated metabolic shuttling of cytosolic NADPH into the mitochondrial matrix to enhance cell survival (Jiang et al., 2016b) . Furthermore, CRISPR knockouts of both IDH1 and IDH2 and [3-2 H]glucose tracing confirmed that reductive carboxylation flux occurred in the cytosol but used to generate mitochondrial NADPH (Jiang et al., 2016b) . This leaves a model where cells protect against increased mitochondrial oxidative stress after detachment by using the futile cycle of IDH1 and IDH2 to transport NADPH into the mitochondria and regenerate mitochondrial GSH.
Serine biosynthesis and one carbon metabolism
Serine is a critically important metabolite for proliferating cells given its role in biosynthetic and redox-associated pathways . Indeed, phosphoglycerate dehydrogenase (PHGDH) catalyzes one of the initial steps of serine synthesis and is amplified in some breast cancers and melanomas (Locasale et al., 2011; Possemato et al., 2011) . Glycine lies immediately downstream of serine and is important for cell growth due to its use in purine metabolism and glutathione synthesis (Jain et al., 2012) . Serine also contributes to folate-mediated one carbon metabolism (FOCM), which lies at a critical biosynthetic node supporting nucleotide synthesis as well as methylation (Fox and Stover, 2008; Tibbetts and Appling, 2010) . Intriguingly, several enzymes within these pathways are expressed at higher levels in aggressive tumors, including the mitochondrial enzyme methylene tetrahydrofolate dehydrogenase 2 (MTHFD2) (Nilsson et al., 2014) . And this pathway is classically targeted in cancer and autoimmune diseases using the chemotherapeutics methotrexate or Pemetrexed (Locasale, 2013) . However, even with the wealth of evidence demonstrating its importance, the specific mechanisms through which this pathway supports tumor growth and survival is still not definitively clear.
Analysis of tumor cell responses to serine and glycine deprivation has identified specific susceptibilities in cells as a function of their genotype. In particular, loss of p53 sensitized colon cancer cells to serine/glycine starvation by arresting cells in the G1 phase of the cell cycle (Maddocks et al., 2013) . Additionally, p53 deficiency induced shunting of serine to glycine for glutathione synthesis to support antioxidant functions (Maddocks et al., 2013) . Various other stress (often associated with redox) can modulate sensitivity to serine and/or glycine deprivation as well as the serine synthesis pathway, including metformin and hypoxia (Gravel et al., 2014; Ye et al., 2014) . More recently, serine and glycine deprivation was shown to reduce tumor growth in several genetically-engineered mouse models of cancer (Maddocks et al., 2017) . These results highlight the importance of serine availability for tumor growth, though the metabolic driver of this sensitization downstream of serine is not fully clear. To this end, Jain et al. applied extracellular flux analysis of metabolites consumed and secreted by the NCI-60 panel of cell lines and observed that glycine uptake correlated most tightly with cell growth rate (Jain et al., 2012) . Tracing with [ 13 C]glycine was then used to suggest that the glycine is directly used to support de novo purine synthesis rather supplying 1C units (Jain et al., 2012) . However, glycine alone does not rescue cell growth in serine-deprived conditions (Labuschagne et al., 2014; Maddocks et al., 2013) . Extensive tracing of serine and glycine conversion to nucleotides in HCT116 cells has indicated that glycine cannot replace serine due to the required consumption of 1C units and its impact on purine nucleotides (Labuschagne et al., 2014) , suggesting that cells selectively uptake serine to generate both glycine and 1C units. Notably, removal of dietary serine and glycine was not effective in Kras mutant tumors, presumably due to the upregulation of serine biosynthesis in tumors of this genotype (Maddocks et al., 2017) . Other oncogenic pathways have also been associated with this metabolic pathway. For example, NRF2 is the master transcriptional regulator of the cellular antioxidant response and regulates expression of serine biosynthesis enzymes in non-small cell lung cancer (DeNicola et al., 2015) . Through a mechanism driven by the transcription factor ATF4, NRF2 expression was found to contribute to tumorigenesis by activating serine biosynthesis and supporting FOCM and transsulfuration reactions (glutathione) (DeNicola et al., 2015) . Similar mechanisms mediated through mTORC1 have also been implicated to upregulate de novo purine biosynthesis (Ben-Sahra et al., 2016) . Consistent with the amplification of PHGDH in breast cancers and activation by ATF4, these pathways are important for breast cancer cell in anchorage-independent conditions and as xenografts. Taken together, these results highlight an important role for serine metabolism in tumor growth, in particular downstream of cellular stresses.
Beyond nucleotide biosynthesis, serine has an established role in supplying mitochondrial glycine/1C units through FOCM, with the former contributing to heme biosynthesis. Importantly, FOCM can supply mitochondrial reducing equivalents through 1C oxidation enzymes (e.g. MTHFD2, MTHFD2L, ALDH1L1) (Fox and Stover, 2008; Tibbetts and Appling, 2010) or glycine cleavage , and flux balance analysis (FBA) modeling has suggested this pathway coordinates ATP regeneration along with glycolysis (Vazquez et al., 2011) . Experimental evidence has also recently supported a role for this pathway in generating reducing equivalents in proliferating cells. Indeed, only knockdown of oxPPP and FOCM enzymes perturbed cellular redox state . Additionally, glycine oxidation measured with 14 C tracers was found to be greater than purine synthesis rates, further suggesting a role in redox homeostasis . Through the use of mutant IDH2 reporters and 2 H serine tracers (Section 3.3), FOCM was demonstrated to contribute significantly to mitochondrial reducing equivalent pools (Lewis et al., 2014) . Importantly, minimal label from serine was observed in cytosolic reporters or on palmitate, suggesting mitochondrial oxidation of 1C units MTHFD2 or MTHFD2L was the predominant route of NAD(P)H regeneration in this pathway (Lewis et al., 2014) . In fact, as previously suggested by Herbig et al. (2002) , most cells were found to supply cytosolic 1C units through mitochondrial FOCM flux, even to the point of secreting excess formate (Ducker et al., 2016; Meiser et al., 2016) . Loss of mitochondrial FOCM enzymes made cells dependent on extracellular serine/glycine and retarded growth of xenografts, but compensatory reversal of FOCM flux was observed both in vitro and in vivo (Ducker et al., 2016) . Several studies have also connected these pathways to cancer through hypoxia and "stemness" (Nilsson et al., 2014; Samanta et al., 2016; Ye et al., 2014) , highlighting the need to study flux through this pathway in various microenvironments and biological contexts.
Emerging links between metabolism and epigenetics
Finally, recent studies have established critical links between metabolic pathways and cellular epigenetics. Canonical epigenetic "marks" (e.g. methylation, acetylation) on DNA, RNA, and proteins are all metabolic intermediates and demonstrate a powerful relationship between metabolic pathway flux and epigenetic regulation (Metallo and Vander Heiden, 2010) . In this manner, altered metabolic pathway activity can influence gene expression in the context of disease (reviewed extensively for cancer in Kinnaird et al. (2016) . Many metabolites (e.g. AcCoA, NAD+, aKG) also moonlight as substrates for the enzymatic addition and removal of epigenetic "marks" and other posttranslational modifications (Su et al., 2016) . In turn, numerous studies have elucidated how availability and/or localization of these metabolites can control histone acetylation (Wellen et al., 2009; Zhao et al., 2016) , enzyme acetylation (Starai et al., 2002; Wang et al., 2010) , and histone/nucleotide methylation (see Section 3.1. discussion on aKGdependent dioxygenases). For example, modulation of acetyl-CoA synthetase expression within the hippocampus decreased availability of AcCoA for histone acetylation and impaired long-term spatial memory (Mews et al., 2017) . While these studies have effectively demonstrated the causal link between metabolism and epigenetics, how dysregulation of distal metabolic pathways can modulate epigenetics remains poorly understood in many contexts. The widely studied epigenetic signature, methylation, connects amino acid metabolism (methionine and serine) to nucleotides through transfer of methyl groups (Gut and Verdin, 2013) and provides one such example of distal metabolic reprogramming of epigenetics.
While methionine is considered the primary methylation donor through S-adenosyl methionine (SAM) pools (Cantoni, 1953) , generation of 1C units from serine and remethylation of homocysteine provides an alternate source that links glycolytic flux to methylation . Indeed in vivo tracer analysis of whole-body SAM pools confirmed that methionine was the primary donor of methyl groups (~70% of methyl group flux), though 1C units needed for re-methylation came solely from serine (estimated to be~3% of total serine flux) (Davis et al., 2004) . Loss of the nutrient sensor LKB1 increased serine biosynthesis and cycling that led to enhanced DNA methylation and retrotransposon silencing in a mouse-model of pancreatic cancer (Kottakis et al., 2016) . In addition, methionine deprivation reversibly altered histone methylation (e.g. H3K4me3) and expression of 1C-consuming enzymes to presumably reduce SAM consumption (Mentch et al., 2015) . On the other hand, in vitro analysis of cellular DNA and RNA found that serine provided 1C units for methylation only under methionine starvation conditions . Serine, however, was found to support methylation through purine synthesis (i.e. ATP) for SAM production . These findings highlight yet another set of pathways and biological functions through which serine influences cancer biology.
Observations from in vivo studies
Many of the studies discussed above applied MFA and related approaches to cancer cells cultured in vitro. Clearly, in vivo models better recapitulate the physiologic conditions of human tumors; as such, increasing efforts have focused on in vivo tracing methods to characterize metabolism in these settings. However, the design, execution, and interpretation of such studies is complicated by a number of different factors: 1) administration of tracer may impact metabolism and downstream signaling, which is particularly important for glucose and insulin signaling, 2) labeling is quickly scrambled due to cross-tissue metabolic activity, and 3) multiple cell types exist within each tissue (e.g. epithelia, stroma). As such, comprehensive models that incorporate isotope labeling data from in vivo studies may have limited impact. On the other hand, analyses that focus on specific pathways/ reactions have yielded insights into the metabolism of tumors in vivo.
As noted above, glutamine's role as a major substrate fueling TCA metabolism in cancer cells is well documented (DeBerardinis and Cheng, 2010) . The concept of decreased glucose oxidation and increased glutamine anaplerosis has largely been studied using in vitro models (DeBerardinis et al., 2007; Gameiro et al., 2013b; Metallo et al., 2012) . More recently, in vivo studies have challenged the concept that glutamine rather than glucose is the predominant supporting the TCA cycle in tumors. While some early studies highlighted a potential role for glutamine synthase (GS) in supporting breast cancer growth (Kung et al., 2011) , more definitive evidence of GS supporting tumor growth has come from in vivo tracing studies. Using 15 N tracing, Tardito et al. observed that glioblastoma cell lines sustained growth in physiological and glutamine-free conditions through the amination of glutamate to provide glutamine for purine synthesis (Tardito et al., 2015) . Subsequently, infusion of mice (or human patients) with either 13 C glucose or 13 C glutamine followed by enrichment analysis demonstrated that both GBM xenografts and contralateral primary brain tissues synthesized glutamine de novo from glucose, with little evidence of high glutaminolysis activity (Tardito et al., 2015) .
If glutamine is not required for anaplerosis, what pathways take its place in vivo? To this end, early studies on the mitochondrial metabolism of non-small-cell lung cancer (NSCLC) tumors noted increased PC activity in human tumor biopsies that were infused with 13 C glucose prior to surgery and analyzed by NMR (Sellers et al., 2015) . These results and additional studies with tumor slices incubated with 13 C glucose and glutamine tracers demonstrated that pyruvate carboxylase (PC) was an important anaplerotic path used by tumor cells to support mitochondrial metabolism (Sellers et al., 2015) . Subsequently, knockdown of PC in lung cancer cell lines severely limited biosynthesis and growth of these cells as xenografts (Sellers et al., 2015) . Similar results were previously noted in cell-based tracer studies using glutamine-free conditions (Cheng et al., 2011) . Indeed, PC may emerge as a more critical enzyme in tumors with defective TCA metabolism. For example, PC flux is critical for supporting aspartate synthesis in cultured SDHnull cells (Cardaci et al., 2015; Lussey-Lepoutre et al., 2015) . However how these rare tumors metabolize glucose and glutamine in vivo is not well characterized. Detailed tracer studies in genetically engineered mouse models (GEMMs) of lung cancer as well as human patients have further supported the importance of glucose oxidation and anaplerosis in tumors Hensley et al., 2016; Sellers et al., 2015) . Infusion of glucose tracers and enrichment analysis in three independent NSCLC GEMMs demonstrated that all tumor types exhibited increased glucose oxidation through PDH and PC as compared to adjacent normal lung tissue . However, when cells derived from the GEMMs are placed in vitro, there is an increased reliance on glutamine, and Gls1 knockout cell lines could not be expanded in culture . Conversely, knockout cell lines of both Pdh1a and Pcx in GEMM cells were successfully isolated in vitro but could not form xenografts . The importance of mitochondrial glucose metabolism has also been demonstrated in human lung tumors (Hensley et al., 2016) . After first examining tumor characteristics such as grade, stage, stromal fraction, mutation status, and perfusion, Hensley et al. (2016) infused 13 C glucose before quantifying isotope enrichment within tumor biopsies and normal lung tissue. Interestingly, lactate labeling suggested catabolism of lactate itself contributed significantly more to tumors, and this was confirmed using a 13 C lactate tracer in syngenic mouse xenograft models (Hensley et al., 2016) . Finally, by correlating enrichment results with tumor perfusion data, a model where highly perfused tumors consumed more alternative fuels from the circulation (e.g. lactate) and less perfused tumors more exclusively used glucose as a primary fuel source was constructed (Hensley et al., 2016) . These findings challenge Warburg's notion of defective mitochondria and the concept that tumors preferentially use glycolysis which pervades the literature. Beyond mitochondrial metabolism, the routes through which tumors acquire lipids are also of great interest to the research community. Fatty acids can be taken up through the circulation or synthesized de novo. In fact, some cancer cell populations upregulate expression of CD36, a fatty acid scavenger that is also important for the survival of metastatic cells (Hale et al., 2014; Nath et al., 2015; Pascual et al., 2017) . While some cell types preferentially consume lipids from their environment (Yao et al., 2016; Zhang et al., 2016) , many tumors upregulate fatty acid biosynthetic machinery (Brusselmans et al., 2005; Hatzivassiliou et al., 2005; Milgraum et al., 1997) . In human cancers, aggressiveness is correlated with upregulation of fatty acid synthesis machinery (FASN) but different cell types show varying sensitivity to FASN inhibition (Benjamin et al., 2015) . While sensitivity to FASN inhibition could not be explained by the relative rate of palmitate synthesis, application of 13 C glucose and lipidomics to quantify synthesis of intact lipids indicated that FASN inhibitor sensitivity correlated with the synthesis of signaling lipids (Benjamin et al., 2015) . However, lipids are significantly more abundant in the body compared to cell culture media, so questions remained about the importance of de novo lipogenesis for tumor progression. To this end, fatty acid synthesis is readily quantified in vivo using 2 H 2 O, as deuterons are incorporated into fatty acids through numerous pathways (Previs et al., 2014) . Administration of 2 H 2 O to tumor-bearing mice indicated that tumor lipids contained large fractions of newly synthesized fatty acids (Svensson et al., 2016) . Similar results were obtained in both xenografts and GEMMs, which are better vascularized and likely to have adequate circulating lipids available (Svensson et al., 2016) . Furthermore, treatment of these animal models with an AcCoA carboxylase inhibitor impeded growth and synergized with co-treatment carboplatin (Svensson et al., 2016) . Taken together, while cell culture-based experiments will continue to be important for defining metabolic processes at the cellular and sub-cellular levels, these studies highlight the importance and utility of analyzing tumors in their physiologic microenvironment.
Conclusion
Metabolomics, stable isotope tracing, and metabolic flux analysis are powerful platform technologies that facilitate the study of human disease. Through careful design and execution of MFA experiments, researchers now have the ability to interrogate metabolic fluxes in a variety of biological contexts. Simplified systems provide molecularlevel resolution but lack physiological relevance; in vivo models and patient studies have more clinical significance but provide less mechanistic insight (Fig. 1) . A wealth of new knowledge into the metabolic basis of tumorigenesis and cancer cell proliferation has now emerged over the past decade. Since each tissue and disease state involves distinct metabolic pathways, application of MFA to various biological systems offers a path that will be rich in new discoveries. For example, with a well-described role of metabolism (Vacanti and Metallo, 2013) , MFA is increasingly being applied to study unique features of hPSCs and their regenerative medicine applications Zhang et al., 2016) . Established metabolic pathways are now being observed to have distinct functions in certain tissues or cell types (Green et al., 2016; Mayers et al., 2016) , and new pathways are being discovered that modulate immune cell function Lampropoulou et al., 2016) . In all these situations, elucidation of metabolic fluxes will be essential to fully appreciate the mechanisms through which metabolism contributes to human disease.
